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Abstract 
A hydrochemical nalysis of the groundwater composition was carried out in a degraded une slack complex in 
order to assess the prospects for regeneration f low productivity, basiphilous vegetation types, typical of natural 
dune slacks. Two hundred and fifty water samples, most of them obtained from minifilters installed in deep borings 
to a depth of 24 meter below the soil surface, were analyzed for macro-ions, EC25 and pH. The hydrochemical 
results were compared with simulated flow paths and with the results of isotope analysis (3H and 180). The sim- 
ulation of the groundwater flow paths showed that the inflow of seepage water was only possible when the slack 
was flooded. Under such conditions groundwater xfiltrates in the upgradient part of the slack, proceeds as surface 
water to finally pass through the anaerobic slack bottom in the downgradient infiltration part of the slack. The 
CO2 producing plant roots and the microbial population i  the bottom sediments create agroundwater type, which 
is highly reduced and aggressive toward calcareous substrates in the subsoil. The distribution of the 3H and 180 
isotopes was in accordance with the simulated groundwater flow pattern, illustrating amodest seepage intensity in 
the flow-through lake. A lowering of the water table in the surroundings of the slack during the last decades had 
weakened the above mentioned hydrological mechanism to the extent hat at present the bicarbonate groundwater 
can only enter the slack during short periods in the wet season. These results uggest that the decline of endangered 
basiphilous lack species in the slack is caused by a decrease in acid buffering capacity of the slack. 
Nomenclature: Van der Meyden et a1.(1990) for vascular plants. 
Introduction 
Dune slacks are depressions in dune systems which are 
flooded uring the winter and most of the spring. They 
are highly valued because of their wealth of species 
that are rare and endangered in most of the Euro- 
pean mires and wetlands (Bakker & Stuyfzand 1993). 
Although dune slacks have mineral soils, they have 
floristically much in common with mires, especial- 
ly rich fens. Species as Schoenus nigricans, Liparis 
loeselii, Epipactis palustris, Dactylorhiza incarnata, 
and Parnassia palustris once were widespread in the 
Dutch coastal area and occurred in mainly three types 
of dune slacks: (i) primary beach plains, influenced by 
brackish groundwater; (ii) secondary blown-out slacks 
in calcareous dune complexes; (iii) slacks in seepage 
areas fed by base-rich groundwater from large hydro- 
logical systems (Lammerts et al. 1992) 
Wet dune slacks covered approximately one third 
of the Dutch coastal area in the 1850s (Holkema 1870). 
The dry dunes were scarcely vegetated due to (over) 
grazing and sand movement. The planting of pine trees 
and marram grass (Ammophila arenaria) stabilized the 
dry dunes. Decreased grazing by cattle and rabbits 
resulted in a further increase of woodland. This led to 
a higher evapotranspiration and a drop in water tables 
(V n Dijk & Grootjans 1993). The most severe degra- 
dation of dune slack vegetation occurred in the main- 
land dunes along the North Sea coast, where ground- 
water was also pumped from the dunes to supply drink- 
ing water to the densely populated polder areas. This 
pumping depleted the amount of groundwater tosuch 
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an extent hat very few dune slacks remained. The 
groundwater level was raised after surface water from 
external sources, such as the rivers Rhine and Meuse, 
was introduced into large dune areas, through a sys- 
tem of infiltration and seepage ponds (Van Dijk & De 
Groot 1987; Bakker & Stuyfzand 1993). Regenera- 
tion of the slacks failed completely, however, due to 
the high nutrient fluxes, in these artificial hydrolog- 
ical systems. An abundance of nitrophilous pecies 
such as Urtica dioica, Epilobium hirsutum and Cir- 
sium arvense along the banks of dune slacks was the 
result. Large phosphate fluxes were considered as a 
key factor in the eutrophication (Melzer & Van Dijk 
1986; Van Dijk & de Groot 1987; Stuyfzand 1994). 
The artificial recharge of polluted surface water in 
the dune area, however, provided an ideal opportuni- 
ty to study the hydrological functioning of these dune 
ponds. Stuyfzand (1990, 1993) applied a geohydro- 
chemical approach to distinguish the spatial distribu- 
tion of groundwater types and to identify the ground- 
water flow systems from the hydrochemical patterns on 
both a small and a large scale. Stuyfzand & Moberts 
(1987) proposed a possible mechanism of the hydro- 
logical functioning of a seepage pond and explained 
that seepage and infiltration occurred simultaneous- 
ly in different parts of these so-called 'flow-through 
lakes' (Figure 1). 
Grootjans et al. (1988, 1991) analyzed the decline 
of basiphilous slack species in a natural dune slack on 
the Wadden Sea island of Schiermonnikoog. Based 
on an analysis of vegetation change between 1964 
and 1987, they suggested that the rapid ecline of 
basiphilous pecies was caused by changes in the 
hydrological regime. Base-rich groundwater could not 
enter the slack anymore by increased groundwater 
abstraction and drainage in the surroundings. 
The present study was initiated to investigate the 
functioning of the hydrological system involved in 
order to assess the prospects for restoration measures 
in natural dune slacks. 
Study area 
The study was carried out on the island of Schier- 
monnikoog in the northern part of the Netherlands (53 
°29' N, 6 ° 12' E) in a 19 ha. dune slack complex ' 
Kapenglop' (Figure 2). This slack complex is situated 
in the central (and oldest) part of the island. The area is 
enclosed by three dune ridges of different ages (150- 
400 years; lsbary 1936). The Kapenglop was originally 
a sandy beach plain. Some hundred years ago the flood- 
ing of sea water was prevented by enclosure of dune 
masses. From that time on the dune slack was influ- 
enced by fresh water. Wind blowing in the first half of 
the 20th. century has altered the original geomorphol- 
ogy and created a mosaic of valleys and small dunes 
with heights up to 3 meters. Pine trees were planted 
at the eastern side in 1912. A groundwater pumping 
station for public water supply was installed in 1950 
to the west near (0.6 km) the dune slack (Figure 3). 
The groundwater xtraction increased from 8000 in 
1950 to 150000 m3y -1 in 1988. Quantitative hydro- 
logical modelling of the western part of the island and 
historical data on water tables in the area support he 
impression that the hydrology had changed consider- 
ably during the last decades. Rus (1992) computed a 
general drawdown of water tables in the Kapenglop 
area of ca 8-20 cm, due to various changes in the 
hydrology during the last 20 years. Human interfer- 
ences with the hydrology consisted of: (i) pumping of 
groundwater ata depth of 20-30 m below the surface 
to the west of the Kapenglop; (ii) lowering of the water 
table in the southern infiltration areas close to the top 
of the freshwater lens. Planting of pine forests to the 
east of the dune slack and the general development of 
shrub vegetation i the surroundings, both increased 
the evapotranspiration rates in the area. 
Geology 
Most of the geological information has been derived 
from 9 borings indicated in figure 3. The most southern 
boring covers a depth of ca 80 metres. The remaining 
8, of which 7 were carried out on behalf of the present 
study, cover the top 24 metres. 
The top 24 metres of the subsoil are composed 
of Holocene sands and clayey beds. The underlying 
Pleistocene clastic deposits extends down to a depth 
of 250 m below mean sea level (MSL). The Holocene 
clayey tidal flat deposits vary in depth and their distri- 
bution is interrupted by sand deposits. The Holocene 
sand deposits, predominantly beach and dune sand 
with shell remains, have a low percentage of feldspars 
and a high percentage of tourmaline, indicating that 
the sand mainly derives from glacial sands of Saalian 
age (Eisma 1968). The sand primarily contains low 
amounts of CaCO3 (1-2%). The top layer of the sand 
(1-4 m), without shell remains, is composed of eolian 
dune sand. For more information on the geology of the 
island we refer to Beukeboom (1976). 
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Figure 1. Model of groundwater flow in a flow-through lake proposed by Stuyfzand & Moberts (1987). 
K~P~N~INP 
Figure 2. Situation of the study area 'Kapenglop' on the island of Schiermonnikoog. 
Soil 
The distribution of dune areas with calcareous and 
in the top soil (CaCO3 > 0.2%) is shown in figure 3 
(after Stuyfzand et al. 1992). The dunes surrounding 
the Kapenglop complex have completely decalcified 
top soil layers with CaCO3 values below 0.1%. 
Hydrology 
A large fresh water body is present underneath the 
island, with a maximum depth of 85 metres (Beuke- 
boom 1976). Due to differences in density between 
salt and fresh water the top of the fresh water body, 
is elevated above the mean sea water level. The max- 
imum elevation is approximately three metres on the 
island of Schiermonnikoog with the highest point sit- 
uated some 500 metres outh of the Kapenglop, where 
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Figure 3. Distribution of the CaCO3 content of the shallow dune soils surrounding the Kapenglop area. Also indicated is the isohypse pattern 
of phreatic groundwater, derived from Stuyfzand et al. (1992).Areas that are flooded in winter, are hatched. Arrows indicate the mos  lik ly 
groundwater flow direction. The position of the geological borings and associated observation wells with miniscreens (open circles) along a 
geological transect A-At is also indicated. 
a small skating-rink is situated. The isohypse pattern 
(lines connecting similar groundwater levels) around 
the dune slack is depicted in Figure 3 (mean values over 
1991). It indicates that the slack is fed with groundwa- 
ter from the south and that the discharge of exfiltrating 
groundwater may be higher in the western and eastern 
parts than in the middle. 
Vegetation 
The southern part of the transect consists of dry dunes 
covered with a grassy vegetation of Calamagrostis 
epigejos and shrubs of Salix repens and Betula carpa- 
tica. In the dune slack Carex nigra, Carex trinervis 
and their hybrid Carex x timmiana re most abundant. 
Relics of a basiphilous vegetation are represented in the 
rare occurrence of Epipactis palustris, Dactylorhiza 
incarnata and one or two individuals of Schoenus 
nigricans. Small patches of a pioneer vegetation with 
Littorella uniflora and Samolus valerandi persist in the 
centre of the slack. Large tussocks of Molinia caerulea 
occupy the northern slope. Molinia caerulea becomes 
less frequent further north, where Salix repens, Cala- 
magrostis epigejos and Festuca rubra are most abun- 
dant. The high dunes bordering this area have some 
large blowouts. This eolian calcareous and created 
opportunities for Rubus ceasius which is locally abun- 
dant. Shrubs ofHippopha~ rhamnoides are most abun- 
dant behind the fore dunes. For more detailed informa- 
tion on the vegetation of the area we refer to Sival & 
Grootjans (this issue). 
Methods 
Soil 
Soil samples (35) from the top 5 metres were taken 
from 7 borings of transect A-A / every 50 cm and ana- 
lyzed for CaCO3 content by measuring Ca 2+ contents 
with an AAS flame photospectrometer after shaking 
with 0. l M HC1. With this method also the Ca adsorbed 
to the soil matrix is included and erroneously attribut- 
ed to CaCO3. We measured a very low amount of 
exchangeable calcium (12.6 meq/kg) in our mineral 
subsoil which amounted to 0.04% CaCO3. The mea- 
sured CaCO3 values have, therefore, been corrected 
for exchangeable bases by subtracting exchangeable 
calcium. 
Groundwater sampling 
Groundwater samples were taken from 7 groundwater 
monitoring wells along transect A-A ~, each equipped 
with three screens of 2 m long (at 3.5, 12.5 and 24.5 
m-MSL) and with 19 minifilters (type MIDAP with an 
attached gravel pack composed of course sand cement- 
ed by epoxyresin). Each miniscreen has an effective 
length of 10 cm. The screens were flushed in May 
1991, after auger hole drilling in December 1990, 
and the water samples were taken in November 1991. 
The water samples were stored in polyethylene bottles, 
except for samples destined for isotope analysis (~180, 
3H) which were stored in dark glass bottles. 
Hydrological modelling 
The groundwater flow patterns under winter (flooding, 
December 1990) and summer (no flooding, August 
1991) conditions were visualised with the computer 
program FLOWNET (Van Elburg t986). This two 
dimensional steady state model generates flow lines 
and isochrones (lines of equal age) in a vertical plane, 
giving the piezometric levels along all boundaries of 
the model area (Figure 4). Values chosen for perme- 
ability (K) and porosity (e) of the various layers are 
as follows: aquifer 1 (sand), Kv = 8 m/day, K/-/= 5.4 
m/day, c = 0.38; aquifer 2, Kv = 10 m/day, KH = 15 
m/day, c = 0.35; aquitard 1 (clayey sands), Kv = 0.01- 
0.025 m/day, aquitard 2 (base of clayey layer), Kv 
0.00125-0.005 m/day, Kz-i/Kv = 10/1 for both parts of 





AQUIFER 2 .~ 
Figure 4. Explanation of FLOWNET output, with geohydrological 
schematization a d groundwater potentials used in the hydrologi- 
cal modelling. Aquifers 1 and 2 represent sandy layers with a high 
permeability for water flow. Aquitard 1 represents sandy tidal fiat 
deposits with clay enclosed, which have a relatively low permeabili- 
ty. Aquitard 2 represents the base of this tidal fiat deposit with much 
more clay and therefore an even lower permeability. 
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Figure 5. Tritium activity measured in precipitation water in the 
period 1969-1991, corrected for decay. 
Hydrochemistry 
Electrical conductivity (EC25) and the pH were mea- 
sured in the field, during sampling. Hydrogencarbonate 
and carbondioxide were analyzed by titration within 24 
hours after sampling. Part of the sample was acidified 
with 1M HC1 to avoid precipitation of cations. Sam- 
ples were stored before analysis at 4 °C in the dark. 
Each sample was analyzed for Ca, Mg, K, Na, Fe with 
Inductively Coupled Plasma (ICP), NO3 and NH4 with 
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Figure 6. CaCO3 percentage of the top 5 metres of the dune soil n a transect across the Kapenglop (transect A-A t in figure 3). 
an autoanalyzer (Skalar 5100), C1 and SO42- by poten- 
tiometry after ion chromatographic separation. 
To check for the reliability of the analyses, the 
charge balance and EC25 were calculated. Unreliable 
analyses - a deviation of the charge balance of more 
than 3% from electro neutrality - were discarded. The 
CaCO3 saturation index was calculated according to 
Stuyfzand (1989). 
Groundwater isotopes 
The radioactive isotope tritium (3H, decaying (8-) to 
3He, tl/2 = 12.4 yr) are used in geohydrology tostudy 
groundwater age. Due to above ground atomic bomb 
testing between 1950 and 1960 high activities of tritium 
were measured in precipitation water. Tritium values 
in the groundwater decrease in time due to radioac- 
tive decay, leading to very low values in groundwa- 
ter with an age of more than 30 years and also in 
recently infiltrated groundwater. This is illustrated in 
figure 5 showing the tritium activities, expressed as 
TU (tritium units, one TU equals one tritium atom 
per 10 TM hydrogen atoms), measured in precipitation 
water and corrected for radioactive d cay. This implies 
that tritium values below 20 TU indicate relatively old 
groundwater which infiltrated more than 30 years ago 
or relatively oung groundwater which infiltrated less 
than 13 years ago. Groundwater with a tritium activi- 










- l °7 /  /2/; 
-.----*~ Flow line ~ Hydraulic head 
Isochrone t= 1960 ~ Clayey layers 
Figure 7. Simulation of groundwater flow paths with isochrones 
,along transect A-A ~. 7A = dune slack is flooded and the vertical 
permeability of the base of the clayey layer is low (Kv of aquitard 
1 = 0.01 m/day; Kv of aquitard 2 = 0.005 m/day). 7B = dune slack 
is flooded and the vertical permeability of base of the clayey layer is
high (Kv of aquitard 2 = 0.00125). 7C = Dune slack is not flooded 
and the vertical permeability of the base of the clayey layers is low 
( Kv of aquitard 2 = 0.005). 
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Oxygen-18 (180) is a stable natural isotope that 
is often used in geohydrology to indicate the origin of 
waters (Schot 1990, Stuyfzand 1993). The 180 concen- 
tration (~180) is given as the relative deviation of the 
180:160 isotope ratio from an ocean water standard 
(V-SMOW = Vienna Standard Mean Ocean Water). 
Values of-7.0 + 0.4 %o are normal for autochthonous 
groundwater in the sandy recharge areas in the Nether- 
lands (Mook 1989). Higher values (less negative; > 
-6.6 %0) indicate evaporation of water and point to 
contact of the groundwater with the atmosphere. 
Oxygen-18 concentrations were analyzed in c. 50 
samples at the Centre for Isotope Research of the Uni- 
versity of Groningen; 3H by proportional gas counting, 




The CaCO3 content, measured in the transect (Fig- 
ure 6) gradually increases with depth, although the 
increase is not constant. The decalcification front 
(CaCO3 < 0.25%) varies from 0.5 m below the sur- 
face in the Kapenglop to 2 m in the southern part of the 
transect with old dune ridges. At the northern slope of 
the Kapenglop slack the decalcification front is much 
deeper compared to the centre of the slack. The CaCO3 
content increases inthe top layers of the younger, partly 
blowing dunes in the north. 
Simulating groundwater flow 
We carried out a simulation of the groundwater flow 
along a NS-transect from the top of the fresh water 
body to the beach (transect A-A' in Figure 3). A visu- 
alisation of three situations with different groundwater 
levels is shown in Figure 7. Varying the permeability of
the base of the clayey sand layer was necessary because 
of insufficient information on this point. A situation 
with very high (winter) water levels in the upgradient 
areas and a flooded slack, shows that much of the infil- 
tration water in the upgradient areas is flowing down- 
ward, but several flow lines are directed towards the 
flooded slack, some having resided in deep layers for 
considerable time (Figure 7A). Seepage water enters 
in the south, proceeds as surface water and infiltrates 
again in the northern part of the slack with high flow 
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velocities. In case of a higher permeability only very 
few flow lines enter the slack (Figure 7B). 
A situation without flooding of the slack (Fig- 
ure 7C), indicating a situation with relatively low 
groundwater levels in the surroundings of the slack 
and no surface water in the slack itself, generated pic- 
tures with all flow lines directed ownward and passing 
directly through the sandy infill of a former tidal gully. 
This flow pattern does not change when the permeabil- 
ity values are varied. 
Hydrochemistry 
The sulphate pattern in the groundwater reveals two 
zones with very low (< 5 mg 1-1) values; one under- 
neath the dune slack, the other in the southern clay layer 
(Figure 8A). High concentrations of sulphate (50-200 
mg 1- l) are only observed in the shallow groundwater 
under the dune areas bordering the slack, 
Zones of high HCO3 concentrations (>300 mg 1-1) 
overlap with the low SO ] -  zones (Figure 8B). Zones 
with low HCO3 values (< 200 mg 1-1) are found in the 
shallow groundwater of both the areas bordering the 
slack. The southern zone is extending much deeper, 
however, and stretches out well below the decalcifi- 
cation front. The pattern of Ca 2+ (not shown) is very 
similar to that of HCO3. 
The lowest pH values (6-7) are found direct- 
ly underneath t e northern slope and underneath e 
decalcified une ridge close to the skating-rink (Fig- 
ure 8C). Relatively high values (7.5-8) are found 
underneath e young dunes close tothe sea, within the 
clay layers and in deeper layers underneath e south- 
ern slope where groundwater is infiltrating through the 
sandy infill of the former tidal gully. 
Groundwater isotopes 
Tritium (3H) values differ markedly, the highest activi- 
ties (40-80 TU) being measured underneath e south- 
ern part of the slack and at 13-18 m - MSL along the 
northern slope (Figure 9). Low activities (<20 TU) are 
encountered in the shallow layers and in deeper layers. 
They represent rainwater which infiltrated resp. after 
1980 and prior to 1962. 
High values of 6180 (> -5.0 %0) are encountered 
systematically underneath the northern valley slope 
(Figure 10). These high values are due to evapora- 
tion of surface water in the slack. Underneath e large 
dune complexes most values are below -7.0 %0. This 
NORTH SOUTH 
~ J eL Dune slack1~J~tn~_ ~._ I 
Figure 8. Distribution of groundwater quality parameters (Figure 
8A-C) underneath e Kapenglop area along transect A-A t . 




Modelling of flow paths and geochemical analysis 
Although some inaccuracy remains in the simulation 
of the present groundwater flow paths, due to insuf- 
ficient information on the permeability of the vari- 
ous geological strata, the modelling clearly suggests 
that under certain hydrological conditions the dune 
slack may capture calcareous groundwater f om the 
upstream recharge areas. These conditions include 
high water tables in the upstream areas and flooding of 
the slack, which conditions generally occur in winter 
and early spring. When the slack is not flooded infil- 
tration conditions always prevail in the slack. But even 
under favourable conditions for exfiltration of calcare- 
ous groundwater most of the infiltrating roundwater 
from the recharge areas does not reach the slack, but 
proceeds through the sandy infill of a former tidal gully. 
The geochemical nalysis also suggests that the 
dune slack studied receives groundwater f om very 
local recharge areas ituated to the south and the south- 
west. The infiltrating roundwater can be recognized 
by relatively high concentrations of chloride and sul- 
phate due to a high input of sea spray and in temporary 
dry areas also by oxidation ofFeS (Stuyfzand 1993). It 
generally has low amounts of HCO 3, in particular in 
decalcified soil strata. This water type is found on both 
sides of the slack, but is most clearly developed in the 
shallow groundwater facies underneath the northern 
infiltration part of the slack. 
The groundwater exfiltrating in the slack - the 
inflowing groundwater- can be recognized by mod- 
erately high HCO 3 (200-300 mg 1-1) and sulphate 
(5-50 mg 1- l) concentrations and by a pH above 7.0. 
This water is in equilibrium with calcite, since it has 
passed the decalcification front at a depth of c. 2 metres 
below the surface. Reduction of sulphate has occurred 
but is incomplete due to the lack of organic matter 
in the subsoil. Complete reduction does occur in the 
lower parts of the thick clay layer, which apparently 
contains organic matter. We cannot indicate the exact 
location of the inflowing groundwater from the present 
geochemical data, which were obtained in the very 
dry year 1991 when the slack was not yet flooded in 
November. More detailed research of Sival & Groot- 
jans (this issue), revealed, however, that close to the 
southern slope a moderately calcareous groundwater 
type with incomplete sulphate reduction and with a 
pH of around 7 was present hroughout the year. We 
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Figure 9. Distribution of tritium activity, expressed as Tritium Units 
(TU), of the groundwater along transect A-A I . 
interpret this groundwater facies as coming from the 
southern recharge areas. 
The highly reduced groundwater facies underneath 
the slack, with very low values of SOl-  but high val- 
ues of Ca 2+ and HCO 3 points to an interaction with 
sulphate reducing micro-organisms which are present 
in the organic bottom of the slack which succeed in 
complete sulphate reduction. Sulphate reduction pro- 
duces some bicarbonate, but this process alone cannot 
explain the very high concentrations of HCO 3 in this 
facies. The most likely explanation is that the sur- 
face water in the slack is able to dissolve again Ca 2+ 
and HCO 3 after having passed through the biological 
active bottom sediments. In the biological active bot- 
tom layer the CO2 pressure of the surface water increas- 
es and below the decalcification front more HCO 3 can 
be dissolved. This deeply reduced calcareous ground- 
water facies present under the Kapenglop is an evi- 
dence for the dominating infiltration characteristics of 
the slack. 
Confirmation by natural isotopes 
The high content of 18 O under the northern slope shows 
that the deep anoxic facies had been in contact with 
the atmosphere, which means that it must have passed 
through the slack as surface water. The deep anox- 
ic groundwater released in the dune slack, exhibits a 
raised concentration of 180 ( 6180 less negative; > 
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-6.6 %°). This is caused by evaporation f water in the 
slack, and confirms the flow-through mechanism. 
The tritium pattern in Figure 9 can be translated into 
selected isochrones (13, 27, 31 years). The position 
of the 13 and 27 isochrones reveal periodical upward 
flow in the southern capture zone of the slack and con- 
tinuous downward flow in the northern release zone. 
The thickness of the 40-80 TU belt near the south- 
ern capture zone indicates mixing due to alternating 
upward and downward flow of groundwater. The shal- 
low groundwater underneath e southern capture zone 
is probably very recent (less than 13 years ago), and 
the result of very shallow flow paths towards the slack. 
It may also be the result of infiltration of precipitation 
water during summer. 
Dune slacks as flow-through lakes 
The question how a natural dune slack, situated in 
the natural recharge area of a superficially decalcified 
dune area, can sustain a basiphilous pioneer vegeta- 
tion for at least half a century, has puzzled ecologists 
and hydrologists for quite some time. Our results ug- 
gest that the answer lays in the specific hydrology of 
these slack systems. Analysis of its groundwater chem- 
istry and groundwater flow pattern suggests that these 
slacks can temporarily function as a flow-through lake 
(Stuyfzand & Moberts 1987); exfiltration (seepage) 
along the upgradient bank and infiltration along the 
downgradient bank. 
It is perhaps interesting that the form of the decal- 
cification front underneath e slack seems to reflect 
the (former) hydrology of the slack as well: deeply 
decalcified layers (> 2 m) in the up- and downgradi- 
ent recharge areas, but shallow ones (< 1 m) in the 
exfiltration zones. 
Similar flow systems have been described for much 
larger lakes (Kenoyer & Anderson 1989; Cook et al. 
1991; Phillips & Shedlock 1993) as well as fen- and 
wetland systems by Born et al. (1979); Winter (1986); 
Schot (1990); Van Diggelen et al. (1991), Grootjans & 
Van Diggelen (1995) and Komor (1994). 
In a dune slack system this hydrological mechanism 
can only function during a very short time when the 
slack is flooded and when high water tables in the 
surroundings prevail. Only then the slack may capture 
calcareous groundwater since it is situated in a local 
hydrological gradient, which generates a groundwater 
flow toward the upgradient parts of the slack. Our water 
sampling period was in a relatively dry period when 
the slack was not flooded. This is probably the reason 
why the geochemical nalysis point to predominant 
infiltration in the whole dune slack. 
The above described hydrological mechanism of 
the dune slack Kapenglop is extremely sensitive to 
small changes in the hydrology. First of all the inflow- 
ing groundwater o iginates from very local recharge 
areas (100-200 m). Changes in the winter and spring 
water levels in these recharge areas, are particularly 
harmful, because itmay prevent calcareous groundwa- 
ter to reach the slack when it is flooded. The effect of 
groundwater abstraction is that less calcareous ground- 
water can be captured by the slack because the water 
table mound in recharge areas is lowered and the inten- 
sity of flooding as well as the flooding frequency in the 
slack are diminished. 
Restoration prospects 
In order to arrive at a successful regeneration of 
basiphilous dune slack vegetation a first condition 
to be met is to restore the supply of H+-buffering 
components. The functioning of the slack as a flow- 
through lake appears to be the only mechanism tosup- 
ply the slack with bicarbonate-rich groundwater. In 
large flow-through lakes the groundwater contribution 
to the water balance of lakes is recognized as an essen- 
tial supply of nutrients and acid buffering components 
(Kenoyer & Anderson 1989; Cook et al. 1991; Phillips 
& Shedlock 1993). In small dune slacks which are 
only flooded during a restricted period, the supply of 
groundwater could be even more crucial. The observed 
rapid decline of basiphilous plant species during the 
last decade (Grootjans et al. 1988, 1991) is in line 
with the hydrological  changes that were initiated some 
20 years ago and culminated in an almost entire elim- 
ination of  the hydrological  functioning of the slack. 
Real location of  the pumping wells further away from 
the Kapenglop slack is an option. Especial ly the pump- 
ing in the winter period should be reduced. A rise in the 
winter water table of the skating-rink seems an effec- 
tive measure to increase the water table mound in the 
adjacent areas of  the slack. A further improvement of 
the local hydrological  conditions could be the gradu- 
al transformation of  planted pine stands by deciduous 
forest. This would reduce losses by evapotranspiration. 
Finally sod cutting in the slack itself, would reduce 
the nutrient pool considerably and decrease the produc- 
tion of  protons upon mineralization f  organic matter. 
In addition the ground level of the slack would be 
slightly lowered and this would stimulate the exfiltra- 
tion of bicarbonate-rich water. 
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